Observations show that nearly all star clusters and stellar populations contain blue straggler stars (BSs). BSs in a cluster can significantly enhance the integrated spectrum of the host population, preferentially at short wavelengths, and render it much bluer in photometric colours. Current theoretical simple stellar population (SSP) models constructed within the traditional framework of single and binary stellar evolution cannot fully account for the impact of these objects on the integrated spectral properties of stellar populations. Using conventional SSP models without taking into account BS contributions may significantly underestimate a cluster's age and/or metallicity, simply because one has to balance the observed bluer colours (or a bluer spectrum) with a younger age and/or a lower metallicity. Therefore, inclusion of BS contributions in SSP models is an important and necessary improvement for population synthesis and its applications. Here, we present a new set of SSP models, which include BS contributions based on our analysis of individual star clusters. The models cover the wavelength range from 91Å to 160 µm, ages from 0.1 to 20 Gyr and metallicities Z = 0.0004, 0.004, 0.008, 0.02 (solar) and 0.05. We use the observed integrated spectra of several Magellanic Cloud star clusters to cross-check and validate our models. The results show that the age predictions from our models are closer to those from isochrone fitting in the clusters' colour-magnitude diagrams compared to age predictions based on standard SSP models.
INTRODUCTION
Evolutionary population synthesis (EPS) has been widely used as a powerful tool to study the stellar contents of galaxies. In essence, EPS compares the observed, integrated spectrum of a galaxy with a combination of spectra of simple stellar populations (SSPs; single-age, single-metallicity populations) of different ages and metallicities to infer the galaxy's star-formation history. Over the past two decades, much work has been done to improve the accuracy of EPS and SSP models in various contexts (e.g., Bica & Alloin 1986; Fritzev. Alvensleben & Gerhard 1994; Worthey 1994; Leitherer et al. 1999; Vazdekis 1999; Bruzual & Charlot 2003 , hereafter BC03; Thomas et al. 2003) . Unfortunately, population synthesis models still suffer from a number of limitations. One is our poor understanding of some advanced single-star evolutionary phases, such as of supergiants and asymptoticgiant-branch (AGB) stars (Yi 2003) , while a second is an absence in the models of the results of stellar interactions, such as the so-called 'stragglers' formed through mass transfer in binaries or stellar collisions. Such stars are usually very bright and can strongly affect the integrated-light properties of the entire system. The potential uncertainties inherent to EPS caused by ignoring these components could be much larger than those still remaining and due to the variety of input physics among different models.
In this paper, we focus on the second limitation to the standard SSP models. We present a new set of SSP models which include contributions from blue straggler stars (BSs).
BSs are common and easily identified in colourmagnitude diagrams (CMDs) of star clusters. They are members of the host cluster and located above and blueward of the cluster's main-sequence (MS) turnoff. The standard theory of single-star evolution cannot explain the presence of BSs in SSP CMDs, and thus the standard SSP models do not include contributions of BSs. All currently accepted scenarios of BS formation are related to stellar interactions. Coalescence in primordial binaries can launch BSs to positions up to 2.5 magnitudes brighter than the MS turnoff (McCrea 1964) . Mergers of binary-binary systems can produce possible BSs with masses four times those of stars at Chabrier (2003) Canonical IMF (Kroupa 2001 (Kroupa , 2002 Chabrier 2003) the MS turnoff (Leonard & Linnell 1992) . Stellar collisions are also an important formation channel of BS formation in globular clusters (GCs) and open clusters (OCs; Glebbeek et al. 2008) . Given the high luminosities and common presence of BSs in stellar systems (e.g., Ahumada & Lapasset 1995 for OCs; Piotto et al. 2002 for GCs; Mapelli et al. 2009 for dwarf galaxies), we believe that we must consider the effects of BSs in studies of stellar populations using population synthesis applied to unresolved observations. The key issue is how to accurately include BS contributions in SSP models. Studies show that no single mechanism can account for the entire BS population observed in any one star cluster (Stryker 1993) . This means that it is not easy to theoretically measure the respective contribution of BSs in SSPs of different ages and metallicities. Therefore, building up BS population characteristics empirically from the statistics of a large sample of star clusters could be more practical and reliable than relying on incomplete theoretical approaches. This way, the behaviour of BSs (in terms of their specific frequency and relative distribution with respect to the MS turnoff in CMDs) can be modelled. OCs in the Galaxy have a number of advantages for use as a working sample, for instance, (i) they are good observational templates of ideal SSPs in the real world, and all BSs in a given OC belong to a single population; (ii) many OCs have multi-epoch propermotion and/or radial-velocity data, so that their cluster membership probabilities can be measured accurately.
Preliminary modelling of BS effects has been done on the basis of individual clusters in our previous papers (Deng et al. 1999; Xin & Deng 2005; Xin et al. 2007 Xin et al. , 2008 , where we (i) introduced the method used for calculating the realistic, integrated spectrum of a star cluster including the contribution of BSs; (ii) analysed the modifications to the integrated spectra and broad-band colours caused by BSs; and (iii) estimated the possible uncertainties in the conventional SSP models, showing that the ages of star clusters can be underestimated by up to 50% if BS contributions are not considered.
In this paper, we present a set of BS-SSP models based on a statistical study of Galactic OCs. A working sample including 100 Galactic OCs is used to reduce stochastic effects in collecting the required statistical relations. We also use the standard deviation (σ) to keep the statistics in a relatively small dispersion region. Our models cover the wavelength range from 91Å to 160 µm, ages from 0.1 to 20 Gyr and metallicities Z = 0.0004, 0.004, 0.008, 0.02 (solar metallicity) and 0.05. This paper is organised as follows. In Section 2, we present the statistical results of the properties of BS populations based on 100 Galactic OCs. Here, we also describe the construction procedure of our models. In Section 3, we discuss our model results and compare them with those of BC03. In Section 4, we test our models by comparison with the broad-band colours of OCs. Our model colours are in good agreement with observed OC colours (which include BS contributions). In Section 5, we test our models using observed integrated spectra of star clusters. Compared to BC03, our models yield more accurate age predictions at a range of wavelengths, including in the optical regime. Finally, a summary and further brief discussion is contained in Section 6.
BS-SSP MODELS
The fundamental ingredients of our models are listed in Table 1 . For convenience, we use the widely adopted BC03 models as reference. Modifications owing to BSs are calculated as increments to the BC03 SSPs of the same age and metallicity. We adopted the Padova1994 isochrones (Bertelli et al. 1994) and the BaSeL spectral library (Lejeune et al. 1997 ) because they homogeneously cover the widest ranges of age and metallicity, and the longest wavelength range. The Padova2000 isochrones (Girardi et al. 2000) are based on a more recent equation of state and lowtemperature opacities compared to Padova1994. However, we decided against adopting them for our model construction, because BC03 do not recommend to use their SSPs based on the Padova2000 isochrones. They state that their models based on the Padova2000 isochrones "tend to produce worse agreement with observed galaxy colours" (BC03, their footnote 6). High-resolution observational spectral libraries (e.g., Pickles et al. 1998; Le Borgne et al. 2003) suffer from problems related to limited parameter coverage. Instead of combining spectra from different libraries to enlarge our parameter coverage, we decided to use only the theoretical library.
For consistency with BC03, we adopted the Salpeter and Chabrier stellar initial mass functions (IMFs; Salpeter 1955; Chabrier 2003) . As clearly shown by Dabringhausen et al. (2008, their fig. 8 ), the Chabrier IMF is almost indistinguishable from the Kroupa IMF (Kroupa 2001 (Kroupa , 2002 when normalised as 100 0.1 ξ(m)dm = 1M⊙, which is exactly how both BC03 and we ourselves normalise the SSP models. Using such a normalisation, the slight differences between the two IMFs cannot cause any effective modifications as regards the BS contribution to SSPs. Therefore, we refer to the IMF (in addition to the Salpeter IMF) as the 'Canonical IMF' throughout this work. It can be conveniently described by a two-part power law, ξ(m) ∝ m −α i , with α1 = 1.3 for the stellar-mass range 0.08 m/M⊙ < 0.5 and α2 = 2.3 for . The solid histograms represent the statistics from the AL07 catalogue, and the solid curves are the corresponding Gaussian approximations to either side of the peak. The dashed histograms and dashed curves are the results from the AL95 catalogue. The statistics are processed based on the photometric data of BSs in 33 OCs of age 1.0 Gyr and common to all of AL95, AL07 and our working sample. m 0.5M⊙ (Kroupa 2001) , or in terms of a power law plus a lognormal form as presented in table 1 of Chabrier (2003) .
BS statistics
Basically, two properties of BS populations are relevant to the modelling of BS behaviour in SSPs, i.e., the number of BSs (NBS) in the SSP and their distribution in the SSP's CMD. In this paper, both properties are obtained empirically from the observed OC CMDs. A working sample including 100 Galactic OCs from the catalogue of Ahumada & Lapasset (1995, hereafter AL95 ) is adopted to secure the reliability of the statistical results. Fig. 1 shows the differences among the number distributions of OCs containing BSs versus age for the Ahumada & Lapasset (2007, hereafter AL07) catalogue (horizontal hatching), the AL95 catalogue (slanted hatching from bottom left to top right) and our sample (slanted hatching from top left to bottom right). AL95 and AL07 published the most complete catalogues to date in terms of photometric data of BSs in Galactic OCs. They include almost all OCs containing BSs in the solar neighbourhood. In particular, they also include the so-called 'yellow stragglers' (e.g., Portegies Zwart et al. 1997; Deng et al. 1999, their fig. 1 ) in their BS catalogues. Yellow stragglers are located between the MS turnoff and the giant branch in CMDs (i.e., they are redder than BSs), therefore adding extra light preferentially in the optical spectral regions of a cluster. Fig. 1 shows that, compared to AL95, AL07 dramatically reduced the number of young OCs containing BSs, mainly because of the difficulty of identifying BSs in the CMD of a star cluster that does not exhibit at least a fully developed red-giant-branch (RGB) phase (particularly when membership-probability information is lacking). Moreover, most of the BSs in young OCs (i.e., log(age/yr)<8.0 in this paper) from both catalogues are located close to the MS turnoff point in the CMD, which means that it is hard to distinguish BSs from MS stars. Such BSs cannot effectively modify the spectral intensity of a cluster. Therefore, we start the selection of our working sample based on OCs with log(age/yr) 8.0.
Meanwhile, to construct a spectrum of the BS population for a given OC, we need to obtain the physical parameters of the BSs in the CMD of the OC (see also Section 2.2). To do this, we need the age, metallicity, colour excess and distance modulus for each OC, which are not all included in either AL95 or AL07. Therefore, we decided to keep only the photometric data of BSs from AL95, to ensure a homogeneous selection of the BS sample. We collected the remaining OC parameters from the recent literature (see Xin et al. 2007 , their table 1). In practice, OCs with log(age/yr) 8.0 from AL95 are included as sample clusters if reliable parameters can be found, in the sense that most of the BSs are located at reasonable positions in the CMD with respect to the Padova1994 isochrone for the OC's age and metallicity.
There are 33 OCs with age 1.0 Gyr in the combined catalogue comprised of AL95, AL07 and our working sample. Older OCs have better statistics as regards their BS populations. Using the photometric data of the BSs in these 33 OCs as an example, we show the BS distribution functions versus the MS turnoff point in Fig. 2 , as a function of MV (left panel) and (B − V ) (right panel). We use this figure to detect differences in the BS distributions in the CMD between the AL95 and AL07 statistics. The solid histograms represent the statistics from the AL07 catalogue, and the solid curves are the corresponding Gaussian approximations to either side of the peak. The dashed histograms and dashed curves are the results from the AL95 catalogue. The same technique is used to construct the BS distribution functions in the CMD for our model construction (see below). Based on Fig. 2 , the distribution functions of both MV and (B − V ) do not exhibit any essential differences between the AL95 and the AL07 catalogues. Therefore, we continue on the basis of the results from our previous work, i.e., the parameters of the sample clusters and the BS population from AL95. Details of the BS properties are presented in Figs. 3-5. Fig. 3 shows NBS as a function of the age, metallicity and richness of the sample OCs. The richness of a star cluster is represented by N2, which is the number of cluster member stars within 2 magnitudes below the cluster's MS turnoff. The open circles represent the results for the 100 Galactic OCs. Because of the small number of member stars and even smaller number of BSs in the individual OCs, the results directly derived from Fig. 3 are very stochastic, and thus we use the ratio of NBS/N2 to reduce the effects of stochasticity. We use this ratio as definition of the specific frequency of BS components in SSPs. We calculated the standard deviation (σ) of the ratio for the entire sample,
and N = 100. We marked the OCs with
+ 1σ with filled circles in Fig. 3 .
The left-hand panel in Fig. 3 shows NBS versus cluster age on a logarithmic scale. NBS seems largely insensitive to age until a sudden increase for ages greater than 1.0 Gyr. Based on this figure it is hard to discern any correlation between the two parameters, and it is also risky to jump to the conclusion that NBS is not correlated with age. The seemingly constant NBS for age<1.0 Gyr could be caused by the confusion of defining an accurate MS turnoff point and a BS population in relatively young star clusters. In our model construction, we have not adopted any correlation between NBS and age. The only correlation we used is that between NBS and N2 (shown in the right-hand panel in Fig. 3 ; see below). In fact, for SSPs, NBS and age are related through the SSP's N2. N2 increases following the IMF slope as the SSP ages, and so does NBS through the correlation between NBS and N2.
The middle panel of Fig. 3 shows NBS as a function of metallicity for our sample OCs with published metallicity in- formation. No correlation can be established. We previously studied whether the BS strengths are sensitive to metallicity. We did not find any obvious correlation between these two parameters either (Xin & Deng 2005, their fig. 18 ).
The right-hand panel of Fig. 3 clearly shows that only NBS and N2 are correlated. The implication of this correlation is that NBS is proportional to the richness of an SSP, but not (at least not obviously) to any other parameter, such as age or metallicity. The solid line in the right-hand panel is the least-squares fit to the filled circles. For reference, we present two more fits for different samples. The dotted line is the least-squares fit to all OCs (open circles), while the dashed line is the fit to those OCs that are older than 1.0 Gyr. It is hard to tell which fit is the most accurate. We choose the solid line for estimating NBS in an SSP simply to avoid exaggeration of the BS-enhanced intensity in our SSPs. The correlation can be empirically described as
The uncertainties in the coefficients result from the 1σ uncertainty in NBS/N2.
The loci of BSs in cluster CMDs are fixed by their formation and evolutionary processes (Ferraro et al. 2009 ), which could still be stochastic owing to the varying physical conditions among star clusters. Thus, it is impossible to construct the specific distribution function of the BS population for each individual SSP. A feasible approach to generate a BS population in the CMD is to work out a uniform BS distribution function.
The dotted lines in Fig. 4 are isochrones with ages between 0.1 and 20 Gyr, truncated at the bottom of the RGB phase. The two dashed lines, i.e., the zero-age MS (ZAMS) and the boundary between the MS and post-MS phases, highlight the entire MS stage for all isochrones. The distance between the two dashed lines becomes narrower in the colour range in the CMD for older -log(age/yr) 9.5 -and younger -log(age/yr) 8.6 -SSPs, which means that a uniform BS distribution function will certainly push a BS population towards red colours for SSPs with a MS turnoff close to the ZAMS. To avoid uncertainties associated with the distance between the MS turnoff points and the ZAMS, we consider BS distribution functions in three different age bins, i.e., 8.0 log(age/yr) 8.6, 8.6<log(age/yr) 9.5, and log(age/yr)>9.5. The solid lines in the figure show the agebin selection.
Since the bin selection is done empirically, we tested that a small change in the age-bin selection, i.e., ∆ log(age/yr) = 0.1, cannot effectively modify the BS distribution in the CMDs and, consequently, affect our model results. Specifically, we construct the BS distribution functions with log(age/yr) = 8.6 included in the older age bin and calculate the (U − B) and (B − V ) colours of the SSP with Z = 0.02 and log(age/yr) = 8.6. The colour changes resulting from adopting different distribution functions are < 0.0001 mag for both colours. The same result is found for a test with log(age/yr) = 9.5.
We align the MS turnoff points of all OCs in our working sample to obtain a sufficient number of BSs for good statistics. Fig. 5 shows the distribution functions of BSs versus the MS turnoff point in three different age bins as a function of MV (left panels) and (B − V ) (right panels). For each of the distributions, a Gaussian profile is adopted to fit either side of the peak separately, based on which we construct the BS population in the CMD of an SSP using Monte Carlo simu- lations in two dimensions (MV and (B − V )). All Gaussian profiles have the same standard format,
where µ is the peak position and σ the standard deviation.
The notation x = ∆MV = MV BS − MV TO refers to the increment in luminosity (MV ) of a BS with respect to the SSP's turnoff luminosity;
The specific values of µ and σ for different x ranges are listed in Table 2 . Here, f − (x) and f + (x) refer to the left-and right-hand sides of the Gaussian profiles, respectively.
Since the distribution functions are constructed empirically from observational statistics, the values of both µ and σ are inevitably sensitive to the selection of the bin size. To find reasonable descriptions for the Gaussian profiles, we start exploring the statistics of MV and (B − V ) in each age bin with a bin size of ∆MV = 0.20 and ∆(B − V ) = 0.010 mag, and we subsequently increase the bin size in steps of ∆MV = 0.05 and ∆(B − V ) = 0.005 mag until the distribution resembles a Gaussian function. The adopted bin sizes for ∆MV and ∆(B −V ) for each age bin are given in column (3) of Table 2 . The µ and σ values listed in the table are calculated based on the corresponding bin size.
In addition to the distribution function, a further boundary that also constrains BS positions in the CMD is the ZAMS. Any BSs located beyond the ZAMS, i.e., with bluer colours than the ZAMS for the same luminosity, will not be generated by our program. This assumption is made mainly because we treat BSs as MS stars and describe them using standard MS models.
Model construction
Our sample of 100 Galactic OCs has limited parameter coverage in age and metallicity, i.e., it covers ages from 0.1 to 12 Gyr and metallicities from Z = 0.0048 to 0.035 (Xin et al. 2007 , their table 1). To consider the BS contributions for the full set of SSP models, some extrapolations of the parameter space have been adopted based on the results from OCs and some reliable working assumptions: (i) ages from 0.1 to 20 Gyr, with the lower limit set by the difficulty to identify BS components in star clusters younger than 100 Myr, while the BS properties are not expected to change dramatically in very old stellar populations (see Section 3); and (ii) metallicities Z = 0.0004, 0.004, 0.008, 0.02 and 0.05. Although the current best constraint on the age of the Universe is 13.73 ± 0.12 Gyr from the WMAP measurements, we retain an age of 20 Gyr 1 as upper age limit of the models, both to keep the model grids the same as those of BC03, and to enable the applications of the models to the studies of stellar populations if a possible correction to the currently accepted cosmology is required. We extend the metallicity to a lower boundary of Z = 0.0004 and a maximum value of Z = 0.05 because the statistics of OCs show that BS behaviour is not sensitive to metallicity. (Z = 0.0001 is not included in the models because HB stars, instead of BSs, dominate the energy in the ultraviolet and blue bands in extremely metal-poor populations.)
Our construction procedure for SSP models including BS contributions is summarised as follows. (i) We use the standard models (we use BC03 in this paper, but we can in principle use any other SSP flavour as well) to represent the integrated spectrum of the 'normal' SSP member stars. We subsequently use the statistical properties of BSs from Galactic OCs to generate the BS population for the appropriate SSP. (ii) We calculate the spectrum of the BS population and combine it with the spectrum of the normal member stars after the appropriate flux calibration. The composite spectrum is the integrated spectrum of the BScorrected SSP.
In detail, the model construction includes the following steps.
(1) We assume that any given model SSP contains
1 The BC03 SSP models and the stellar evolutionary tracks that form their basis have been calculated for ages up to 20 Gyr. It is not straightforward to correct this to a lower age; one would need to recalculate all stellar evolutionary tracks for all metallicities and, for instance, update the precise descriptions of opacities, convection, and evolution of, e.g., horizontal branch (HB) and AGB stars. This situation is worsened by the fact that young OCs, up to ∼ 5 Gyr, have been used to properly and robustly constrain stellar evolution at younger ages, whilst at older ages the observational diagnostics are less sensitive to changes in age, resulting in significantly greater uncertainties at those ages. These are therefore issues that one needs to keep in mind in the context of physical parameters derived for older GCs using both the BC03 and our models. Choice of the number of models to calculate the spectrum of the BS population in our model construction (see Section 2.2). Each panel shows a broad-band colour (y axis) versus the number of models (x axis) used for calculating the colour. We calculate the average of each colour with the colours using between 200 and 500 models to ensure that the fluctuation is small. On the y axis, δ is the average difference among the colours. Using solar metallicity as an example, we search for the number of reliable models with a value of δ < 0.0005 mag for different colours, ages and IMFs. Finally, we choose 100 models (marked by the vertical solid line in each panel) to construct the spectrum of the BS population.
10 5 original member stars. The corresponding normalisation constant, 'A', for a given IMF is calculated as
where φ(m) is the IMF, m l = 0.1M⊙ and mu = 100M⊙.
(2) The SSP's N2 number is calculated using
where m2 is the mass of the SSP's MS turnoff point and m1 is the mass on the MS 2 mag below the turnoff point.
3) The SSP's NBS then follows from Eq. (1). The BS catalogue of AL95 and AL07 may suffer from field-star contamination, as acknowledged by these authors. Without accurate measurements of the stellar membership probabilities of all OCs, it is impossible to estimate the fieldstar influence on our statistics. However, the way in which we calculate the BS-population energy in SSPs is designed to reduce these effects. We use the NBS/N2 ratio, instead of just NBS, to obtain the 'relative' BS-population energy with respect to the energy of a classical SSP, which is controlled by N2. Given the general make-up of galactic fields, there are significantly fewer luminous stars compared to the number of MS stars, so that our adoption of NBS/N2 facilitates maintenance of the BS contributions in SSPs close to the real situation.
(4) The distribution of the BS population in the CMD is generated using Monte Carlo simulations in two dimensions in the CMD, i.e., MV and (B − V ), based on the Gaussian profiles described by Eq. (2) and Table 2 . Fig. 6 shows the comparison between the observed and modelled BS populations in the CMDs of four representative Galactic OCs. In each panel, the fundamental cluster parameters are listed in the top right-hand corner, the solid curve is the Padova1994 isochrone for the cluster's age and metallicity, the dashed line is the ZAMS, the solid circles are the observed BSs from AL95 and the open squares are the BSs generated by the Monte Carlo simulation. We calculate N BS model from the observed N2 and Eq. (1). Apparently, the BS distribution fluctuates significantly for different simulations because of the small N BS model numbers. What we intend to show with this figure is that the modelled BS population is quite reasonable and comparable with that observed.
(5) Calculate the spectrum of the SSP's BS population.
The distribution of BS loci in the CMDs can influence the stability of the spectrum of the BS population. One of the best ways to reduce this stochastic effect is by using the average of a large number of models. To find the optimum number of realisations, (i) we repeat the generation of BS populations in the CMD for a given SSP 500 times (500 models) and we subsequently calculate the corresponding composite spectrum of the SSP. This implies that the 500 models yield 500 different spectra for the same SSP. (ii) We calculate the broad-band colours (U − B), (B − V ) and (V − R) for the SSP based on the average of the spectra of a successively increasing number till 500. This calculation results in 500 values for each colour. (iii) We calculate the average of each colour using the colour values for between 200 and 500 models, thus quantifying the differences (δ) of the 500 colour values and the average colour. Finally, (iv) we identify the number of models adopted to repeat generating the BS population in the CMD as the number for which δ < 0.0005 mag. Using the solar-metallicity SSPs as templates, we conclude that combining 100 models is a safe choice for SSPs characterised by different ages and IMFs. Direct impressions of the changes in colours for different numbers of models and positions for 100 models are presented in Fig. 7 . To construct the spectrum of the model BS population, we use Padova1994 isochrones of the same metallicity but younger ages than the SSP to fit the position of each BS in the CMD. We then derive the effective temperature (T eff ) and surface gravity (log g) by interpolation between two isochrones straddling the BS. A demonstration of this procedure is included in Fig. 8 . The solid dots are the model BSs, the solid line is the isochrone for the SSP's age and metallicity and the dotted lines are isochrones with ages younger than the SSP and truncated at the bottom of the RGB phase. The dashed lines are the ZAMS and the boundary of the MS and post-MS stages, respectively. In our model construction, BSs located between the dashed lines are modelled strictly assuming that they can be represented by the MS phases of the isochrones and the remainder of the BSs located outside the boundary are fitted with post-MS (and pre-RGB) phases.
Depending on the values of T eff and log g, a spectrum is extracted from the Lejeune et al. (1997) spectral library and assigned to the BS. The flux of the BS spectrum is then calibrated using the BS's absolute magnitude and, finally, the spectrum of the BS population is obtained by adding up all flux-calibrated BS spectra, i.e., FBS =
The approximation to use the spectra of single MS stars to represent the spectra of BSs is made based on both theoretical (e.g., Benz & Hills 1987 and observational (e.g., Shetrone & Sandquist 2000; Liu et al. 2008 ) considerations. The major formation scenarios of BSs, such as mergers of primordial binaries and dynamical encounters between stars, can replenish fresh hydrogen fuel in the core and rejuvenate BSs to the MS stage. Liu et al. (2008) studied the spectral properties of a complete sample of 24 BSs in the Galactic OC NGC 2682 (M67) based on spectroscopic observations with a resolution of 3.2Å pixel −1 and covering wavelengths of 3600-6900Å. They concluded that BS spectra can be well represented by the theoretical spectra of single stars, at least at medium resolution.
(6) We use BC03 models to represent the spectrum of the population of normal member stars in an SSP (i.e., all member stars except the BSs).
For a conventional SSP of age t and metallicity Z, the integrated spectrum is given by
where φ(m) is the IMF, f (λ, m, t, Z) is the spectrum of a single star of mass m, age t and metallicity Z, mu and m l are the upper and lower integration limits in mass, respectively, and 'B' is the normalisation constant required to restore the real intensity of the flux of the conventional SSP. Since BC03 normalised the total mass of their model SSPs to 1 M⊙ at t = 0, 'B' is the total mass of the model SSP containing 10 5 stars at t = 0:
where 'A' is the normalisation constant from Eq. (3), m1 = 0.1 and m2 = 100M⊙. Similarly as for the calibration of the BS spectra, the flux of the conventional SSP is also calibrated based on its absolute magnitude. Mtot is used to calculate MV of the conventional SSP (MV SSP) based on Eq. (7), in which M V SSP(BC03) is the absolute magnitude of the corresponding BC03 SSP. (Mtot actually quantifies the relative increase in MV with respect to the MV of an initially 1M⊙ SSP.)
(7) After flux calibration, direct combination of the spectra of the BS population and the conventional SSP yields the spectrum of the BS-corrected SSP. As our final step, the composite spectra are normalised to the BC03 models by adopting the flux-calibration constant derived from Eq. (7) for each SSP.
MODEL RESULTS
As an SSP ages, the SSP's BS population evolves to redder colours in the CMD following the movement of the SSP's MS turnoff, which implies that the 'blue' in 'blue stragglers' only means 'bluer than the MS turnoff', not necessarily blue in colour. Since young SSPs (age<0.1 Gyr) are not included in our models, and because of the presence of 'yellow stragglers' in the AL95 catalogue, we decided to explore the BS contributions to the integrated-light properties involving U -, B-and V -band energies, because they may all be significant. Specifically, we present and discuss in detail the differences in the integrated spectral energy distributions (ISEDs), broad-band colours and mass-to-light ratios (M/LV ) between our models and those published by BC03 in this section.
Using the Z = 0.02 models with a Salpeter IMF as example, the differences in the ISEDs between two models of different age (top left-hand panel) and metallicity (top Figure 9 . Differences of the integrated spectral energy distributions (ISEDs) between BC03 and our models for different ages (top left-hand panel) and metallicities (top right-hand panel). The solid lines in the top panels are the BC03 ISEDs, while the dashed lines are the ISEDs resulting from our models. Because the BS contribution is calculated as an increment to the BC03 models, the corresponding BC03 ISEDs are shown in the bottom panels for reference.
right-hand panel) are given in Fig. 9 . The solid lines in the top panels represent the BC03 ISEDs, while the dashed lines represent the ISEDs from our models. Since the BS contribution is calculated as an increment to the BC03 models, the intensities of the corresponding BC03 ISEDs of different age (bottom left-hand panel) and metallicity (bottom right-hand panel) are also given in the figure.
The differences presented in the top left-hand panel show a tendency for a stronger BS contribution for younger SSPs. BSs have a significant effect on ISEDs for ages between 0.1 and 1.0 Gyr. A sharp enhancement appears in the UV range at 1.0 Gyr for our models, while the UV intensity remains very low in the BC03 ISEDs. During SSP evolution, all massive single stars have left the MS and evolved into the red supergiant or the red giant phases in conventional SSPs of 0.1-1.0 Gyr, the UV light declines and the near-infrared intensity increases, and thus BSs are the most luminous and bluest objects in the populations. For SSPs older than 2.0 Gyr, the intensity of the BS contribution decreases smoothly and slowly as the population ages. The bottom left-hand panel presents the BC03 ISEDs for different ages, which show that ISEDs are stronger (brighter) for younger SSPs. This tendency is consistent with that found for the BS contribution to ISEDs of different ages.
The BS contributions to the ISEDs of SSPs resulting from our models are consistent, in terms of time scales, with the results of Chen & Han (2009) . These authors studied the generation of BSs produced from primordial binaries and concluded that such BSs, without angular-momentum loss, can have a strong effect on the resulting ISEDs in UV and blue bands between 0.3 and 2.0 Gyr (their fig. 4 ). Since their calculations of BS evolution stop before the 'blue stragglers' evolve into the 'yellow stragglers' (their fig. 1 ), we cannot trace any significant BS contributions to the optical spectral range. Given their results, a time scale of 0.1 Gyr is not long enough for BSs formed in primordial binaries to evolve to loci brighter than the MS turnoff. This also supports the choice of the lower age limit in our models.
We use the models for 1.0 Gyr with a Salpeter IMF as example to highlight the differences between ISEDs of different metallicities (top right-hand panel in Fig. 9 ). The results show that the BS contribution decreases for more metal-rich SSPs. This tendency is also consistent with the changes in the BC03 ISEDs of different metallicities (bottom right-hand panel). Fig. 10 shows the differences in (U − B), (B − V ) and (V −R) colours and in the mass-to-light ratio (log 10 (M/LV )) between two models constructed using a Salpeter IMF. A To roughly estimate the BS-induced colour modification, we calculate the average of the colour differences between two models of Z = 0.02 in the age range from 0.1 to 20 Gyr. These differences are 0.10±0.05 mag for (U − B), 0.08±0.02 mag for (B − V ) and 0.05±0.01 mag for (V − R). Our models are characterised by bluer colours. Such colour modifications are far beyond (or at least comparable) to the uncertainties inherent to most of the current generation of advanced observational instrumentation. This means that our models will be able to contribute a systematic and significant shift in colour in the direction implying that the old population is actually older, or more metal-rich, compared to results from conventional SSP models. This will potentially have important consequences for the corresponding interpretation regarding galactic formation and evolution histories.
A comparison of the M/LV ratio between two models is given by assuming mass conservation during BS formation, i.e., BS formation would not change the total mass of a standard SSP but only increase its total luminosity. The average modification, ∆ log 10 (M/LV ) = 0.16 ± 0.15 dex, as shown in the lowest panel of Fig. 10 , is equivalent to ∼30% enhancement in luminosity (LV ) for a given SSP. The enhancement is similar for all metallicities. Fig. 11 shows the evolution of the (U − B), (B − V ) and (V − R) colours and the mass-to-light ratio of our mod- 
INTERPRETATION OF CLUSTER COLOURS
Although it is impossible for our models to provide the real BS distribution in each individual star cluster, if our models are reasonable, they should be able to reproduce the general trend of the BS-induced modifications to the integrated-light properties of star clusters. Thus, as the fundamental test of our models, we compare our model results with the empirical conclusion from our previous work. Our main conclusion was that the BS-induced colour changes are roughly 0.10±0.12 mag in (U − B), 0.09±0.09 mag in (B − V ) and 0.05±0.05 mag in (V − R), based on a working sample of Galactic OCs (Xin et al. 2007 ) and the Large Magellanic Cloud (LMC) star cluster ESO 121-SC03 (Xin et al. 2008 , their table 1). Fig. 12 is designed to test the consistency between our models and the empirical results from individual OCs. Table 3 . Examples of broad-band colours and M/L V for BC03 and our models for different ages and metallicities.
Age 
BC03 models with the Canonical IMF Our models with the Canonical IMF The x axis shows colours of the traditional SSPs, the y axis shows BS-induced colour modifications, and the open squares represent the observational colour modifications of the 100 Galactic OCs in our sample. We calculated the standard deviation (σ) of the colour variation for the 100 OCs, e.g.,
and N = 100.
The filled squares mark OCs with colour variations within 1σ, i.e., abs(∆(B − V )) ∆(B − V ) + 1σ. In all panels, the error bars show the 1σ values and the dashed lines are the least-squares fits to the filled squares. The solid lines are the least-squares fits to all open squares. The filled circles are the corresponding results from SSP models, i.e., the y-axis value of the filled circles represents the differences between our models and BC03. The broad-band JohnsonCousins (B − V ) (top panels) and Sloan Digital Sky Survey (SDSS) (g − r) colours (bottom panels) for both IMFs are included in the figure. The colour differences for different IMFs are caused by differences in the normalisation constants adopted to retrieve the real intensity of a given SSP. These normalisation constants are obtained using the observed N2 values of OCs, as defined by Eq. (4). We find good agreement between our model predictions and the empirical results for Galactic OCs. Fluctuations dramatically decrease in our model results compared to the observations. The small dispersion in ∆(B − V ) and ∆(g − r) starting at (B − V ) ∼ 0.7 and (g − r) ∼ 0.6 mag in our model results (solid circles) may be intrinsic, i.e., for star clusters older than ∼ 5.0 Gyr -roughly (B − V ) ∼ 0.7 mag -broad-band colours are more sensitive to metallicity than to age (Harris et al. 2006) , and a metallicity dispersion is observed among our sample OCs.
INTERPRETATION OF CLUSTER SPECTRA

UV spectra
Given the typical loci of BSs in cluster CMDs, our models may be expected to be more useful in the interpretation of observed UV spectra of star clusters. Fig. 13 shows a test using the observed UV spectrum of the LMC star cluster NGC 2164. The spectrum is extracted from the International Figure 13 . Understanding the IUE spectrum of NGC 2164 based on both BC03 and our models. The dotted line is the observed spectrum, the solid line is the spectrum from our models and the dashed line is the BC03 spectrum. Figure 14 . Comparison of the age determinations from (x axis) isochrone fits and (y axis) spectral fits using different SSP models.
The corresponding values are listed in Table 4 .
Ultraviolet Explorer (IUE) archive. The intrinsic flux of the spectrum is obtained using the extinction law described in Cassatella et al. (1987) . The fundamental parameters of the cluster adopted for the comparison are an age of 0.2 Gyr and Z = 0.004 (Vallenari et al. 1991) . The dotted line in the figure is the observed spectrum. The solid line is the spectrum from our models based on the cluster's parameters. The dashed line is the corresponding BC03 spectrum. The flux of model spectrum is normalised to the observed value at 2415Å (filled circle). The normalisation position is chosen because the flux fluctuations are relatively small at this wavelength. There is no dramatic difference between the spectra of the two SSP models. They are nearly identical at ∼ 3150-2500Å. Our model spectrum is brighter at wavelengths shortward of 2415Å and can fit the observation better compared to BC03 at wavelengths of ∼ 2000-1700Å; however, our model is not sufficiently bright to fit the observed spectrum at wavelengths shorter than 1500Å (although still better than BC03). Piatti et al. (2005a) published flux-calibrated integrated spectra of 18 Small Magellanic Cloud (SMC) star clusters covering the wavelength range of 3600-6800Å. This provides an ideal data set to test our models. The observed integrated spectra of Magellanic Cloud star clusters are better sampled, i.e., the observed spectra more accurately represent the clusters' real spectra, than the spectra of Galactic star clusters, simply because of their greater distances (which facilitates straightforward observations of the entire objects in a single observation). For inclusion in our sample, a star cluster needs to have an age and metallicity within the respective ranges covered by our models. It also needs to have a reliable age determination from CMD analysis. Based on these two requirements, nine of the 18 star clusters (Piatti et al. 2005a, their Piatti et al (2005a) .
Optical spectra
Since there is no specific extinction law mentioned in their paper, we use the normal one, i.e., A λ = 0.65 × AV (1/λ − 0.35) and AV = 3.1 × E(B − V ) (Bica & Alloin 1986) , to correct the observed spectra for reddening and, since our model spectra are constructed using theoretical stellar spectra at a low resolution of 15Å, the observed spectra are degraded with a bin size of 30Å. Our model spectra are normalised to the same wavelength grid as the degraded observed spectra. We next identify the continuum of the latter. Since the BS spectra in our models are approximated by spectra of single MS stars, our models will not be able to fully account for all changes in the SSP spectra caused by BSs, such as detailed modifications to the spectral lines that are related to BS formation scenarios. Therefore, we use the continuum instead of the entire spectra for the model test. Contrary to our UV spectra test discussed in previous subsection, we leave the cluster age as a free parameter in this test. We fit the observed spectra with the model spectra for different ages and calculate the standard deviation for selected points of the continuum between the observed and model spectra to identify the best fit. The best fit yields a predicted age for the cluster. We subsequently compare the age values from BC03 and from our models to see if our models can derive more accurate ages for our sample clusters, i.e., ages that are closer to the age based on CMD isochrone fitting.
As a result, our models give more accurate age determinations for four SMC star clusters from among the nine sample objects, Lindsay 5, Kron 5, NGC 294 and NGC 419. As for the other five SMC star clusters (i.e., Kron 3, 6, 7 and 28, and NGC 458), their observed spectra cannot be matched by either the BC03 or our models. Kron 3, 6, 7 and 28 are characterised by very high intensities at the red ends of their spectra, which can only be traced by our models if we adopt ages that are much older (> 10 Gyr) than the clusters' real ages (from CMD analysis). The BC03 models cannot fit their spectra in the blue and red bands simultaneously. Explanations such as the absence of AGB stars from both models, the presence of carbon stars (Feast & Lloyd Evans 1973; Mould et al. 1992) , and contamination by field stars (Piatti et al. 2001 ) may be responsible for the poor understanding of the observed spectra of these five clusters. Since this is beyond the scope of this paper, we focus instead on the four clusters which can be readily understood on the basis of SSP model analysis.
The detailed fit results of these four clusters are included in Table 4 , where columns (2)-(3) give the clusters' CMD ages and the corresponding references, respectively, column (4) lists the ages from Piatti et al. (2005a) based on their own empirical SSP templates using observed spectra of Galactic OCs and GCs (Bica & Alloin 1986) , columns (5)-(6) present the ages from BC03 and from our models, respectively, and the adopted [Fe/H] value for the fit to the spectrum and the corresponding references are given in columns (7)-(8), respectively. A direct comparison of the age determinations for the four SMC star clusters using different SSP models is presented in Fig. 14. Fig. 15 shows details of the spectral fits to the four SMC star clusters. The dotted lines are the observed spectra. The solid lines are the best-fitting spectra from different SSP models. The fit residuals are presented as the solid lines in the bottom part of each panel. They have been calculated as δ = (F (λ) observed − F (λ) model )/F (λ) observed . Both the Rich et al. (2000) ; 4. Piatti et al. (2002) . BC03 models and our models with different IMFs can perfectly fit the continuum of the four SMC star clusters over almost the entire wavelength range. The model spectra can also roughly match the features of the Balmer lines of the observed spectra. The best fit for different models refers to different age determinations for the same star cluster. BC03 always returns a younger age for a given cluster compared to the age from our models (see Table 4 ), since BSs turn the SSPs hotter. Considerable uncertainties only appear for λ < 4000Å, where flux fluctuations become larger because the number of photons dramatically drops and the CCDs used for such observations usually have low quantum efficiency at UV wavelengths. Meanwhile, SSP models also have problems in correctly presenting ISEDs in the UV because of limitations such as those associated with the adopted stellaratmosphere models, which may also be responsible for the poor fit at UV wavelengths. Using the technique of isochrone fitting is comparably easier to identify the dominant population of a star cluster and remove contamination by field stars, and thus to obtain a better estimate of the age and/or metallicity of the cluster. If the parameters are predicted by comparing the observed spectra with model spectra, the results will always suffer from field contamination, and possibly from the presence of multiple populations in the cluster, as well as from limitations inherent to the model coverage. Therefore, our conclusion from the model test is that the BS-SSP models can yield more accurate age values for stellar population studies in unresolved conditions, compared to the ages derived from conventional SSP models.
We did not attempt a metallicity derivation in our model test, mainly because metallicity information is more commonly derived from the properties of a range of characteristic spectral lines, and the current BS-SSP models are not suitable for this purpose. However, if one wants to estimate the metallicity to first order by fitting the continuum of the observed spectrum with model spectra of different metallicities (more metal-poor SSPs have stronger, higherintensity ISEDs; see the bottom right-hand panel of Fig. 9 ), BSs would exhibit the same effect as seen for the age determination, i.e., BSs make the ISED hotter compared to ISEDs from conventional SSPs models for a given metallicity, which means that the apparent metal-poor spectrum of a star cluster could actually be more metal-rich.
SUMMARY AND DISCUSSION
In this paper, we have presented a new set of SSP models that include the contributions of blue straggler stars, i.e., 'BS-corrected' SSP (BS-SSP) models. The new models are developed to improve the standard SSP models by taking into account the effects of stellar interactions through empirical inclusion of the BS contribution in each SSP. The empirical properties of the BS populations are obtained based on photometric data of BSs in 100 Galactic OCs.
We have tested that (i) the broad-band colours in our models are highly consistent with the colours of 100 Galactic OCs if BSs are properly accounted for and (ii) age predictions based on spectral fits to our models yield ages that are closer to the CMD ages compared to the ages derived based on the BC03 models. The test results prove the reliability of our models and indicate that our models offer important improvements for studies of stellar populations.
The basic description of our BS-SSP models includes:
(i) The models cover the wavelength range from 91Å to 160 µm, ages from 0.1 to 20 Gyr and metallicities Z = 0.0004, 0.004, 0.008, 0.02 (solar metallicity) and 0.05. The metallicity Z = 0.0001 is not included, because extended HB stars, instead of BSs, dominate the energies in the UV and blue bands in such extremely metal-poor SSPs.
(ii) The models are constructed as increments to the BC03 standard SSP models using the Padova1994 isochrones and the Lejeune et al. (1997) stellar spectra,. They can thus be used directly in EPS studies as replacement of BC03 for the same parameter coverage. Application of the models should be limited to the 'low-resolution' regime. As each BS spectrum is approximated by the theoretical spectrum of a single MS star, the models cannot fully account for changes in the spectral lines that are related to the formation scenarios of BSs.
(iii) The essential effect of BSs is to make an SSP's ISED hotter in the UV, blue and optical bands, and consequently turn the broad-band colours much bluer. Taking the SSP models with Z = 0.02 as an example, the differences in the broad-band colours between BC03 and our models are 0.10±0.05 mag in (U − B), 0.08±0.02 mag in (B − V ), 0.05±0.01 mag in (V − R), 0.12±0.05 mag in (u − g), 0.09±0.02 mag in (g − r) and 0.17±0.03 mag in (g − z).
Given the common presence of BSs in various stellar systems, we believe that the BS-SSP models will enable the community to uncover interesting results in studies of stellar populations. In general, our models allow old SSPs to have higher energies (intensities) in UV and blue bands, which implies that the prediction from our models will be in the direction of older age and/or higher metallicity for a given population compared to the standard SSP models. For instance, (i) the shift of ∼ 0.10 mag towards the blue for the broad-band colours may influence our understanding of the age of the oldest stellar population in a galaxy based on the observed colour distribution of GCs (e.g., Yoon et al. 2006 , who quote a typical observational error of ∼ 0.10 mag in (g − z)); and (ii) the dramatic enhancement in the ISEDs caused by BSs may lead to a new understanding of the UV upturn in elliptical galaxies. Han et al. (2007) successfully approached the problem with their newly developed EPS models that now also include binary evolution. Since binary interaction is also one of the major formation mechanisms of BSs, it is possible that BSs can (at least partially) contribute to this UV excess.
The current version of the BS-SSP models is available from http://www.astro.unibonn.de/˜webaiub/english/downloads.php and http://sss.bao.ac.cn/bss. We will update the models when any significant and systematic improvements based on either observational or theoretical studies regarding BS formation in star clusters become available. Updated versions of the models will be provided at http://sss.bao.ac.cn/bss.
